The interfacial region of a model, multilayer coating system on an aluminium substrate has been investigated by high resolution time-of-flight secondary ion mass spectrometry (ToF-SIMS). Employing ultra-low-angle microtomy (ULAM), the interface between a poly(vinylidene difluoride) (PVdF) based topcoat and a poly(urethane) (PU) based primer 'buried' over 20µm below the PVdF topcoat's air/coating surface was exposed. Imaging ToF-SIMS and subsequent post-processing extraction of mass spectra of the ULAM exposed interface region and the PVdF topcoat and PU primer bulks indicates that the material composition of the polymerpolymer interface region is substantially different to that of the bulk PVdF and PU coatings. Analysis of the negative ion mass spectra obtained from the PVdF/PU interface reveals the presence of a methacrylate based component or additive at the interface region. Reviewing the topcoat and primer coating formulations reveals the PVdF topcoat formulation contains methyl methacrylate (MMA)/ethyl acrylate (EA) acrylic co-polymer components. Negative ion ToF-SIMS analysis of an acrylic copolymer confirms it is these components that are observed at the PVdF/PU interface.
Introduction :
The requirement to understand interface related phenomena such as structure, adhesion and chemistry is critical in the evaluation of the effectiveness of the commercial formulations employed today to produce polymeric coatings and paints for metal substrates. In many of the commercial polymeric coatings system available a multilayer system must be adopted, typically a primer to ensure a strong adhesion to the metal substrate exists and a topcoat to provide the desired surface properties such as resistance to weathering and for aesthetic purposes. Fundamental to the success of such a multilayer coating system is the polymer-polymer intercoat adhesion that occurs between the topcoat/primer interfaces. However, the techniques available to investigate the interface chemistry, when coatings or paints are applied at the thickness levels employed commercially, are extremely limited.
Much of the work reported to date concerning the investigation of buried interfaces on a variety of materials systems has principally relied upon direct examination of the interface by a variety of spectroscopic techniques. Wang and Wang used soft X-ray emission spectroscopy to analyse the interface between manganese thin films and a Si substrate 1 whilst Yang et al employed X-ray standing wave spectroscopy to examine an Fe/Cr interface. 2 The analysis of buried polymeric interface have also been reported, Kugler et al used X-ray photoelectron spectroscopy to investigate a poly(pphenylene-vinylene) on indium-tin-oxide interface 3 while sum frequency generation spectroscopy has been used by both Harp et al and Chen et al to examine polymer/polymer interfaces. [4] [5] Typically, such spectroscopic techniques are restricted to the examination of interfaces at best a few hundred nanometres below the sample surface. Leadley and Watts, however, used a different approach to probe the metalpolymer interface. Very thin (ca. 2nm) polymer films were cast onto metal substrates and high resolution XPS was used to monitor changes in the C1s spectrum, as a result of specific interactions at the interface. [6] [7] This approach is very successful for the study of the interface chemistry relating to model systems on metal substrates, but is limited in its ability to determine interphase characteristics of real surfaces. In the 'real-world' of commercial polymeric paints and coatings however, the need is often to investigate an interface buried tens or hundreds of microns below the paint/coating's air/coating surface. In this case, direct examination of an interface by spectroscopic means is not possible and alternative methods of gaining access to the 'buried' interface must be sought.
To investigate buried interfaces in metallic and inorganic material systems a number of mechanical techniques are available that remove material in a well-defined and geometric manner. Techniques such as ball cratering [8] [9] and angle lapping 9-11 remove material from a specimen by means of polishing or abrading mechanisms. These result in the production of shallow craters or tapers through the sample material and across the interface of interest. However, although Cohen and Castle 12 demonstrated the applicability of using cryo-stage ball cratering for the Auger electron spectroscopy investigation of metal/polymer interfaces, such abrading/polishing techniques cannot generally be applied to organic materials. When techniques such as ball cratering and angle lapping are applied to organic material systems such as polymeric coatings and paints the resulting crater or taper surface generally suffers from smearing of the polymeric material, resulting in a loss of resolution and the possibility that the material removal mechanism induces chemical or physical change.
The ULAM sample tapering technique is an extension of the angle lapping procedure particularly suited to the production of tapers through organic material systems. In a previous paper the ULAM technique was described in some detail and the morphology and topology of the PVdF topcoat and PU primer surfaces resulting from the ULAM tapering procedure 13 were characterised. Additionally, it was demonstrated that the ULAM procedure is particularly suited to exposing polymer/polymer interfaces as the resulting taper does not exhibit sample smearing, 13 enabling the retention of depth resolution for subsequent analyses. X-ray photoelectron spectroscopy (XPS) analysis at high spatial resolution of changes in elemental concentration across a PVdF/PU interface exposed by ULAM has been demonstrated by Hinder et al with a theoretical depth resolution of 13nm.
14 Additionally, XPS compositional depth profiling, using a ULAM taper, of a polyamide coating to which an organosilane had been added has been demonstrated by Guichenuy et al. 15 However, the depth resolution attainable by XPS on a ULAM taper is limited by the X-ray spot size achievable, currently 12-15µm. Thus, although XPS provides quantitative data about a ULAM exposed interface, it is not able to achieve the level of chemical specificity available from the high resolution spectral data obtainable on today's high resolution ToF-SIMS instruments.
In the work described in this paper, the ULAM technique is employed to impart an ultra-low-angle taper through a PVdF topcoat and PU primer multilayer, polymeric coating system thus exposing the PVdF/PU interface buried over 20µm below the PVdF topcoat's air/coating surface. High resolution imaging ToF-SIMS and postprocessing of the mass spectra and ion image extraction from raw, imaging SIMS data enables characterisation of the interface region and the individual coating's bulk characteristics. Analysis of the spatial distribution of components within the multilayer coating system employed is also demonstrated.
Experimental :

Materials and Methods
The PVdF topcoat/PU primer, multilayer coating samples on Al substrate, employed
here for buried interface analysis, were prepared at Becker Industrial Coatings Ltd.
The polymeric topcoat is a typical PVdF based commercial formulation. This is based on a polyvinylidene fluoride resin blended with acrylic co-polymers. The fluoropolymer provides high durability performance and chemical resistance. The acrylics enhance the film forming properties, rheology and gloss control and pigment dispersion. In addition, it is accepted within the coatings industry that these acrylic copolymers contribute to the adhesive properties of the PVdF topcoat towards primers. The PVdF formulation used in the study was pigmented with mainly blue and white pigments. The term PVdF topcoat used throughout this paper refers to the topcoat formulation based on a blend of a PVdF resin with acrylic co-polymers and other minor additives. The primer coating is a polyurethane commercial formulation.
The polyurethane formulation is based on a mixture of a blocked hexamethylene diisocyanate and an aromatic polyester resin, which contains a yellow anticorrosive pigment.
The samples were provided as cured coatings on Al panels (~16 cm × 10 cm × 0.5 mm). To prepare specimens for ULAM processing samples ~1 cm 2 were cut from the panel using an industrial guillotine. To ensure that any burrs or asperities formed at the rear of the sample by the guillotining process were removed, the rear of each specimen was polished using a silicon-carbide abrasive paper (Struers, Glasgow, UK). At all times great care was taken to ensure the procedures used to cut the specimen from the sample panel and to prepare the specimen for ULAM processing resulted in the specimen remaining flat.
Ultra-low-angle Microtomy
A schematic of the ULAM apparatus as employed in the production of ultra-lowangle tapers is presented in Figure 1 . The ULAM processing of samples was carried out on a Microm HM355S motorised rotary microtome (Optech Scientific Instruments, Thame, UK) equipped with a standard specimen clamp and a tungsten carbide knife. The ultra-low-angle sectioning blocks (~3.5 × 3.5 × 0.7 cm) were manufactured in-house from high-quality steel. The ultra-low-angle sectioning blocks have one 3.5 × 3.5 cm 2 tapered face raised by a defined amount (in µm) relative to the parallel edge of the tapered face. A detailed description of the ULAM procedure can be found elsewhere. 13 The ultra-low-angle tapers through the PVdF/PU coatings employed here were produced using a ultra-low-angle sectioning block possessing a 25 µm rise, giving a nominal taper angle of ~0.04°. Such a taper angle provides a theoretical analysed depth of ~360 nm in the 500 × 500 µm 2 ToF-SIMS images presented in Figure 4 and Figure Preparation of the MMA/EA resin for ToF-SIMS analysis.
The MMA/EA acrylic co-polymer in ethyl diglycolacetate solvent was available in liquid form. A drop of the MMA/EA solution was placed onto aluminium foil and spread using a glass rod to create a thin polymer layer. The aluminium foil/resin sample was placed into a pre-heated oven at 160°C for 10min to remove the solvent.
The aluminium foil/resin sample was then cut to provide specimens ~1 cm 2 . These specimens were mounted on SIMS stubs for analysis.
Results and Discussion :
ULAM has been employed to expose the interfacial region of a model PVdF topcoat/PU primer multilayer coating system on Al substrate. The ULAM exposed interface is buried some 20-25 µm below the air/coating surface of the PVdF topcoat.
The coating formulations employed here (which themselves are based on commercial formulations) are known to exhibit a strong adhesion between the PVdF topcoat and the PU primer. A schematic depicting the apparatus employed in the ULAM tapering of specimens is presented in Figure 1 . The concept underlying the formation of ultralow-angle tapers through polymeric materials by ULAM is very simple; a specimen is mounted on a sectioning block possessing an ultra-low-angle taper on one of its faces, this specimen is then presented to the microtome knife such that sectioning of the polymeric material by the microtome knife imparts a geometrically well-defined ultra-low-angle taper through the specimen. Inset in Figure 1 is a digitally recorded optical image of a PVdF/PU coating on Al substrate that has been sectioned by ULAM such that the interface between the two coatings has been exposed. The ultralow-angle taper (as indicated by the arrow in the inset in Figure 1 ) cuts the blue PVdF topcoat's air/coating surface, passes through the bulk of the PVdF topcoat, exposes the interfacial region of the PVdF/PU coatings and terminates in the bulk of the yellow PU primer. The image inset in Figure 1 demonstrates that ULAM can be employed to expose a 'buried' interface, making that interface available for subsequent examination.
In Figure 2 four high resolution ToF-SIMS images incorporating a PVdF/PU interface region exposed by ULAM tapering are presented. Each of the images in respectively. Figure 2c is a positive ion image of the ion at a nominal mass of 59m/z which is attributed to the C 3 H 4 F + fragment 16 resulting from fragmentation of the PVdF polymer component of the PVdF topcoat. Figure 2d is a negative ion image of mass 19m/z readily attributed to the high-intensity F -ion that dominates PVdF mass spectra. 16 The images presented in Figure 2 reveal that the PVdF/PU interface region, as exposed by ULAM tapering, is somewhat heterogeneous with an interface region composed of a series of 'island' like structures. Analysis of the images in Figure 2 suggests the 'islands' observed at the PVdF/PU interface originate from the underlying PU primer coating. That is, the 'islands' are observed with contrast in clear that the high-resolution ToF-SIMS images presented in Figure 2 , do enable the regions associated with the PVdF bulk, the PU bulk and the PVdF/PU interface to be defined along the ULAM taper.
Analysis of the images presented in Figure 2 and additional, related ToF-SIMS images suggests that the PVdF/PU interface region of the sample is substantially different in terms of material composition to that of the PVdF and PU bulk coatings.
ToF-SIMS mass spectra were retrospectively extracted from raw ToF-SIMS image data (the areas used to perform these mass spectra extractions are indicated in Figure   2c ). Extracted negative ion mass spectra for the mass range 0-200m/z of the PU bulk, PVdF/PU interface and PVdF bulk regions of a ULAM tapered specimen are presented in Figure 3 . In Figure 3a the negative ion mass spectra extracted from the PU bulk region of the ULAM taper is presented. It is observed in Figure 3a In contrast to the PU primer mass spectra in Figure 3a , the negative ion mass spectra extracted from the PVdF bulk region of the specimen presented in Figure 3c Figure 3c . The ion observed with strong intensity in both Figures 3a and 3c at 25m/z is attributed to the C 2 H -fragment, a common fragment observed in high intensity in most negative ion mass spectra acquired from organic materials. The negative ion mass spectra retrospectively extracted from a region at the PVdF/PU interface and presented in Figure 3b is substantially different to the mass spectra observed in Figures 3a and 3c for the PU and PVdF coating bulks.
Although the mass spectra in Figure 3b contains Figure 3b (not attributable to the PVdF or PU coatings) and ion matching utilising a SIMS mass spectral database 16 suggests the PVdF/PU interface region of the ULAM tapered sample is rich in a methacrylate containing material.
Reviewing the PVdF topcoat and PU primer formulations adopted for use in the production of the model coating system employed in the work described here reveals that only the PVdF topcoat formulation contains any acrylic components or additives.
Investigation of the material composition of the acrylic components and additives used in the PVdF topcoat formulation indicates that only the acrylic copolymers used contain significant proportions of methacrylate. One of the acrylic co-polymers employed is composed of 70.3% MMA, ~28% EA and ~1% butyl methacrylate. 18 A sample of this acrylic co-polymer was obtained and a negative ion ToF-SIMS mass spectrum for the mass range 30-200m/z of the acrylic co-polymer is presented in Figure 4 . It is observed that the high intensity peaks that characterise the acrylic copolymer in the mass spectra presented in Figure 4 are the same as those observed in Figure 3b for the PVdF/PU interface region. The high intensity peaks diagnostic of the acrylic co-polymers (and observed in both Figure 3b & Figure 4 ) are attributed to specific fragments 19 and assigned to acrylic co-polymers components in Table 1 . This analysis indicates that the PVdF/PU interface region is rich in the acrylic co-polymers and confirms that a fraction of the acrylic co-polymers segregates to the PVdF/PU interface, possibly during the stoving process. Such segregation of coating formulation components and additives towards the coating surface is a well documented phenomenon. [20] [21] [22] Indeed, some coating additives such as flow and levelling agents are added to coating formulations with the express intent of having them segregate to the coatings surface where they modify the properties exhibited by the coatings surfaces. [23] [24] [25] Having determined that a fraction of the acrylic co-polymers component of the PVdF formulation segregates to the interface of the PVdF topcoat, the negative ions' diagnostic of the acrylic co-polymers contained in the raw, high resolution, imaging
ToF-SIMS data can be examined in more detail. The negative ion ToF-SIMS mass spectra, post-processing extracted from the negative ion image data reveals that the ions characteristic of the acrylic co-polymers typically exhibits peaks containing two components (except the ion at a nominal mass of 141m/z that contained four contributing components). The high resolution, negative ion, ToF-SIMS mass spectra for the mass range 30.95-31.15m/z is presented in Figure 5 . It is observed in Figure 5 that the peak with a nominal mass of 31m/z contains two contributing components, a less intense component at lower mass (31.01m/z) and a more intense component at higher mass (31.03m/z). The lower intensity component at 31.01m/z is attributed to the CF -ion originating from fragmentation of the base PVdF resin and the more intense component at 31.03m/z from the CH 3 O -fragment of the acrylic co-polymers.
Negative ion ToF-SIMS images were retrospectively extracted for each of the ions diagnostic of the acrylic co-polymers (see Figure 4 ). In the case of each nominal mass, all component peaks that contributed to that nominal mass were selected for ion image extraction and an ion image produced and inspected.
In Figure 6 high resolution, negative ion ToF-SIMS images of the 31, 55, 71, 85, 87 and 141m/z ions diagnostic of the acrylic co-polymers (see Table 1 ) are presented.
Each of the images in Figure 6 is 500 × 500 µm 2 in size and was acquired at a resolution of 256 × 256 pixels. It is observed in all the ion images presented in Figure   6 that areas rich in the acrylic co-polymers exhibit high image intensity and that these areas are consistent with the PVdF/PU interface region. Although all six of the images presented in Figure 6 exhibit high intensity regions at the PVdF/PU interface and lower intensity regions associated with the PVdF bulk, the levels of contrast observed are variable and depend upon the intensity exhibited by the acrylic copolymers ion and on the contribution ions from the PU bulk region make to image formation. The ion image in Figure 6d (nominal 85m/z) provides the most striking contrast of all the images presented in Figure 6 . It is observed in Figure 6d 
Conclusions :
We have demonstrated that the ULAM sample tapering technique in combination with high mass resolution, high spatial resolution imaging ToF-SIMS can be used to Figure 3 . Negative ion mass spectra, retrospectively extracted from an imaging ToF-SIMS PVdF/PU interface image as in Figure 2 . The mass spectra are from; a) the PU primer region, b) the PVdF/PU interface region and c) the PVdF topcoat region of the specimen. 
